This research project investigated the issues and opportunities associated with making digital mapping and spatial data more accessible and usable for the blind. Geographical information systems (GIS) enable the storage and manipulation of raster and vector data based upon the spatial relationships of individual features. While GIS predominantly rely on the visual medium for the presentation of data, the ability to store and manipulate spatial relationships offers opportunities to present data using alternative modalities such as speech, sound and haptic feedback. A group of eight blind participants took part in a task driven experiment using two interface designs. The effectiveness of each interface design was assessed through task performance and user experience questionnaires. The results obtained suggest that interface design, data presentation and the use of multiple modalities has the potential to enhance accessibility, usability and support spatial cognition.
Introduction
The human condition is one of experiential learning; from birth to death our perception of the world around us informs our social, intellectual and emotional development. We formulate mental constructs and methodologies that enable the interpretation of perceptual feedback and inform our understanding. Our senses provide the mechanism through which we perceive our environment and derive data about it: sight, hearing, taste, smell and touch all contribute, but sight plays the most significant role in developing spatial awareness and cognitive spatial ability. Previous research demonstrates that the development of cognitive spatial ability is aligned with visual perception and that blindness from birth or at an early age affects an individual's capacity to comprehend spatial data effectively. Maps whether paper or electronic predominantly use the visual medium to convey spatial relationships and therefore pose accessibility issues for the blind. This study examined digital interface design and the presentation of spatial data through non-visual modalities to determine usability, accessibility and impact upon spatial cognition.
The internet and digital accessibility
The growth of the internet and associated digital technologies over recent years has provided significant opportunities for the delivery of services and the sharing of information in new and innovative ways. The development of the World Wide Web has seen a shift from predominantly static text-based websites to rich interactive hypermedia environments. While hypermedia developments have enhanced the web experience for sighted users capable of using a graphical user interface they pose real accessibility issues for disabled users, particularly the blind (Lunn et al., 2011; Dellaporta, 2007; Shinohara and Tenenberg, 2009) The growth of online social media (Web 2.0) and greater opportunities for social interaction and the creation and sharing of user generated content present potential benefits for the blind individual aiming to be more socially independent (Hailpern et al., 2009) . Along with the development of online social media there have also been developments in online digital mapping and the use of spatial data or the geospatial web (Where 2.0) (Turner and Forrest, 2008) . While digital online mapping has become significantly more sophisticated and functionally rich and the range of spatial data has increased, the issue of accessibility and usability for the blind still remain.
Computer interaction by the blind
Other researchers have already identified the tools, technologies and behaviours adopted by the blind when interacting with a computer (Dellaporta, 2007) . The majority of blind computer users rely upon the keyboard and a specialist web browser to navigate through a web page in a linear fashion, stepping sequentially through each page element and relying on assistive technologies to present the content in an accessible format such as speech or Braille . Maps and spatial data when deconstructed and presented in a linear fashion lose much of the inherent information that is encapsulated within the map image, such as relative location and distance. To address this issue alternative methods of presenting and manipulating spatial data that do not rely on the visual medium are required. Jacobson (2002) demonstrated the potential for a multimodal interface allied to a force feedback mouse to support the identification of simple shapes within a webpage through auditory and haptic feedback. While this research demonstrated the possibilities for shape identification it also proposed the further possibilities for supporting spatial representation and cognition through the application of a graticule system or grid to support the interpretation of scale on digital maps. Further research (Rice et al., 2005) referenced the concept of a grid and proposed a further enhancement in the form of a boundary around the map to allow separation from other web page elements. Additional research (Strain et al., 2007) investigated the use of a grid-based extension for a multimodal interface. In this research a 3 × 3 grid was overlaid on a web page, the grid segments the web page creating a frame of reference. The grid is recursive so that selecting an individual grid square allows that grid square to be further sub divided, allowing a user to zoom in on a particular area of the screen.
Design and development of the digital map interfaces
Informed by this previous research two map interfaces were developed.
Keyboard interface map
The keyboard interface map was designed to leverage a blind persons experience and familiarity with a standard computer keyboard. The keyboard interface map also employed the concept of a 3 × 3 grid overlay on the computer screen to associate areas of the map with the keys on the numeric keyboard. Map grid squares are then selected by pressing the corresponding number key. For example pressing the number 7 key on the numeric keypad would select the top left grid square on the map (Figure 1 ).When a grid square is selected using the numeric key pad this action is announced by the application using the speech synthesis engine e.g., 'Top Left, North West, Menu Open'. Top Left - confirms the grid square selected and its location. North West -relates to the compass point area in relation to the rest of the map. Menu Open -confirms that an option menu has opened associated with that map tile and indicates that further functions and data can be accessed. 
Mouse interface map
The mouse interface map employs a different approach to accessing and manipulating the map. In this interface the numeric keypad is replaced by a vibrotactile mouse. The map is again segmented by a 3 × 3 grid and surrounded by a border to differentiate between the map and the rest of the webpage. As the user moves the cursor over the map a combination of haptic and auditory feedback will be provided. Each time the cursor enters a new grid square the speech synthesiser will announce the fact by stating the grid square the cursor is now in e.g. 'top left'. Additional features or points of interest on the map are interactive hotspots so that as the cursor moves over a feature the vibrotactile mouse will vibrate. Clicking the left mouse button will trigger a description of the feature and open a menu allowing further exploration of that feature.
Common features of the interface design
In developing the digital map interfaces a common set of controls was developed. This was done in an attempt to reduce the variables between the two interfaces. The controls are listed below: 
Experimental sessions
The experimental sessions took place at the Royal National College for the Blind (RNCB) in Hereford over a period of two consecutive days. The lead researcher facilitated the sessions and oversaw the collection of the data. The volunteer cohort of 8 blind participants was randomly assigned to one of two groups: Group A and Group B. The group to which each participant was assigned determined the order in which the map interfaces were tested. This was done in order to avoid any potential learning bias. Each participant took part in an individual experimental session lasting approximately two hours. The structure for each session was identical and is set out below:
1 On arrival the participant was greeted by the lead researcher and verbally briefed on the nature and purpose of the research. Each participant had been provided with an experimental briefing sheet in Braille prior to the study and was asked if they had any questions they wished to ask arising from the briefing sheet.
2 The participant consent form was read to each participant and they were asked if they understood the purpose of the research and if they were willing to proceed. The fact that participation was voluntary and that they could withdraw at any point with no detrimental effect to themselves was stressed.
5 The participant was invited to start the practical element of the experiment. The group to which each participant was assigned determined the order in which the interfaces were tested. As both interfaces were new to the participants a period of orientation and explanation was provided. Using a predefined learning task list the lead researcher read out a number of tasks which the participant then attempted. These tasks were similar to those undertaken as part of the main experimental session but were carried out on different base mapping so as to avoid any learning bias.
6 Once the orientation session was complete the participant was asked to undertake the experimental tasks proper. The tasks were read to the participant by the lead researcher one at a time and the participant was asked to complete that task. A set of 10 tasks were undertaken in total for each interface. These tasks were the same for both interfaces but to avoid learning bias the base mapping for each interface was changed. Screen capture software was used to record the participants' actions so that this could be reviewed and used to calculate task completion time.
7 The NASA task load index (TLI) was administered by the lead researcher reading the questions to the participant and noting the responses.
8 The post-test participant experience questionnaire based upon the Likert scale was administered by the lead researcher reading the questions to the participant and noting the responses.
9 Steps 5 to 8 were repeated in exactly the same manner for Interface 2.
10 The participant was thanked for taking part and the experimental session concluded.
Task design
In order to assess the effectiveness of each map interface in enabling the participants to manipulate the map and spatial data it was necessary to develop a set of common tasks. These tasks were designed to test the effectiveness of the map interface and to provide a means of assessing task performance and workload. The tasks themselves were devised to reflect common activities associated with map use and comprehension. These activities included: searching a map to identify features, selecting features, accessing additional data associated with features, determining relationship and distance between features, route planning and route comprehension. In conventional digital mapping systems most of these activities are impossible for the blind to undertake. This is because the information required is only accessible visually, it was therefore necessary to find ways to structure and present this inherent data through different modalities so that it was accessible and interpretable to blind map users. The tasks, interface design, data structure and method of presentation were informed through discussions with staff and students at the RNCB. Important considerations included: appropriate feedback to aid navigation within the application interface, combined use of modalities to reinforce feedback, structure and use of language and inclusion of micro level feature data when generating route narratives.
Common task list 1 Starting at the UK overview map explore the map and identify the map tile that covers Liverpool, Chester and North Wales. Once you have identified this map tile zoom in so the map is focused upon it.
2 Open the additional data layer menu by pressing the zero key on the numeric keypad and select the towns and cities layer. Find all (ten) towns and cities shown on the map and their populations. Of all those displayed, which has the largest population and which has the smallest population? What are the population figures for them?
3 Open the additional data layer menu and select the airports layer. How many airports are listed? What are their names?
4 Which four towns and cities lie immediately to the south of Manchester? Of these which has the largest population?
5 Identify the map tile which covers the city of Chester. Use the zoom option in the menu to zoom in on this area.
6 Once the map has loaded listen to the description for each map tile that covers the City of Chester. How many different wards are covered by this map?
7 Open the additional data layer by pressing the zero key on the numeric keypad and select the following four categories: attractions, sport and entertainment, education and health and transport. Then close the menu by pressing the control key. Explore the map and find the University of Chester and Chester Cathedral and select both.
Open the route planning menu by pressing the delete key on the numeric keypad and use the 'calculate the distance' option to calculate the distance between the University of Chester and Chester Cathedral.
8 Open the search menu by pressing the multiply key on the numeric keypad and search for the 'University of Chester'. (The map will focus and zoom in on the University of Chester and surrounding area).
9 Open the additional data layer menu by pressing the zero key on the numeric keypad and select the following two categories: attractions, and education and health. explore the map and find the University of Chester and the Northgate Arena Leisure Centre and select both. Now open the route planning menu by pressing the delete key on the numeric keypad and use the 'create a route' option to generate a route between the University of Chester and the Northgate Arena Leisure centre.
10 Listen to the route created and step through each section of the route until you reach the end. Consider how useful the information presented would be in helping you follow that route.
Undertaking the tasks
Each participant undertook the same 10 tasks using the 2 different map interfaces. The lead researcher read each question aloud and the participant would then attempt that task. The interfaces employed speech, non-speech sound and haptics to provide feedback. This feedback was necessary to support navigation and orientation within the interface and also to facilitate searching and interpretation of the maps and feature data. Both interface designs provided speech synthesis feedback to allow the participants to navigate the interface. This feedback was based upon a fixed 3 × 3 grid overlaid upon the map. As a participant changed the focus of the search to a new grid square, either using the mouse or the numeric keypad the application would announce which grid square had been selected. When using the mouse interface and starting in the centre of the map, moving the mouse to the left, for example, elicits the following verbal feedback:
'Middle' -as the cursor moved across the middle grid square 'Middle Left' -as the cursor entered and moved across the middle left grid square 'Off map go right' -as the cursor left the edge of the map and entered the bounding box surrounding the map Double clicking the left mouse button provided a concise verbal description of the location and geography of the map tile associated with that grid square. Feature datasets could be added to the map by pressing the Zero key. This would be announced with 'Additional data menu open' the menu could then be navigated by using Tab and Shift Tab to move up and down the menu items. The title of each dataset being announced as it was encountered such as 'Towns and Cities', if a dataset was selectable an audible beep would also be heard. Pressing the Spacebar would switch on a dataset and display those features on the map, this would be announced with 'Towns and cities selected' pressing the Spacebar again would unselect the dataset and remove it from the map and be announced with 'Towns and cities unselected'. The menu could be closed by pressing the Control key and would be announced with 'Menu closed'. Once a dataset had been selected map pins would appear on the map showing the location of those features. Moving the mouse cursor over a map pin would announce the name of that feature and trigger haptic feedback via the mouse. Clicking on the feature would open a menu allowing access to additional associated data.
Data collection
When considering the experimental design and method of data collection a number of factors had to be considered. The data collected as part of this experiment focused three key areas:
1 task performance 2 perceived workload -TLI 3 user experience (pre test and post test).
Task performance
Successful task completion and the time taken to complete each task were captured through the use of screen capture software and an audio recording device. This data was then analysed using appropriate statistical tests to determine if there was any significant difference between identical tasks between the two interfaces.
Perceived workload -measuring perceived workload via the TLI
The TLI is a questionnaire designed to measure the perceived workload of a particular task. In this study the aim was to try and determine whether interface design and the methods and modalities used to present data could impact upon the perceived workload of a task. While the tasks themselves remained the same the variable in this experiment was the interface design and the modalities used to present data. This questionnaire has been used extensively in other research as a valid method of capturing workload data (Stevens and Edwards, 1996; Brewster and Clarke, 2005; Duarte et al., 2007) . The TLI assesses 6 criteria determined to have a bearing on the workload of a task: mental demand, physical demand, temporal demand, performance, effort, and frustration. After completing each set of tasks on each of the interface designs a participant was required to provide a rating for each criterion on a score of 0 to 19 and then a weighting for each criterion through paired comparison and selection of the specific criterion perceived to have more impact on the tasks workload. The mean average for each criterion was calculated and the results from the two interfaces compared using a standard T-test to see if there was any statistically significant difference. The analysis of the results from the small sample of participants demonstrates a significant difference in the mental demand and effort associated with undertaking the same tasks between the two interfaces.
User experience
Two questionnaires were developed in order to record data relating to user experience: the pre test questionnaire and the post test questionnaire.
Pre-test questionnaire
The pre-test questionnaire was administered to all participants before the commencement of the test sessions. This questionnaire consisted of 10 open, closed and rating questions and was designed to provide a baseline with which to analyse any potential performance anomalies or bias associated to prior learning or other factors.
Post-test participant experience questionnaire
The post-test questionnaire was administered after each interface task session. It consisted of 16 questions in total. The first 13 questions related to the usability and accessibility of the interface and the clarity of the information presented by the interface. These 13 questions used the Likert scale to gauge a participant's experience of the interface. Question 14 was a rating-based question and asked participants to rate the overall effectiveness of the interface on a score of 1 to 10, with 1 being poor and 10 being excellent. Questions 15 and 16 were only asked once when the second interface task session had been completed. Questions 1 to 13 were analysed using the Wilcoxon signed rank statistical test.
1 Was the map interface easy to use?
2 Did the map interface assist you in undertaking the tasks?
3 Did the map interface provide useful feedback?
4 Was the data associated with the map tiles appropriate in determining a sense of place?
5 Was the interface effective in helping you understanding the relationship between tiles?
6 Was the interface effective in helping you understanding your location on the computer screen?
7 Was the interface effective in helping you understand the relationship between places on the map?
8 Was the speech engine clear and easily understood?
9 Was the use of additional sounds effective in using the interface?
10 Were the classification names used for the Points of Interest data easily understood?
11 Would an additional explanation of the Points of Interest classification be useful?
12 Was the route information provided appropriate for navigating that route?
13 Was the route information structured and presented in a way that made it easy to understand?
14 On a scale of 1-10 (1 being poor and 10 being excellent) How would you rate the overall effectiveness of this interface? ANSWER: ___________________________ 15 Of the 2 map interfaces which did you find the most effective? ANSWER: __________________________________________________________ 16 What changes or enhancements could be made to improve the interfaces? ANSWER: __________________________________________________________
Results

NASA TLI questionnaire results
Keyboard interface results
The chart below shows the mean average for each TLI factor, excluding performance, for the keyboard interface. In terms of workload, mental demand and effort have the most impact whilst physical and temporal demands have a lesser impact. Levels of frustration are low. 
Mouse interface results
The chart below shows the mean average for each TLI factor, excluding performance, for the mouse interface. In terms of workload mental demand, effort and frustration have the most impact whilst physical and temporal have a lesser impact. 
Comparative results
A comparative analysis of the TLI results between the 2 interfaces demonstrate that the mouse interface presents a considerably higher workload when mental demand, effort and frustration are taken into account. The difference in levels of frustration is particularly high. Physical demand and temporal demand have a much lower impact on overall workload. 
Statistical analysis of the TLI results
The approach to the statistical analysis of the TLI data is informed by previous studies (Stevens and Edwards, 1996; Stevens, 1996) . Each of the 5 factors was analysed using a parametric T-test to determine if there was any significant difference for each of the factors between the interface designs. Mental demand and effort are shown to be statistically significant results. 
Task results -completion and performance
Mental demand
A review of the 5 factors demonstrated that for both interfaces mental demand has the highest mean score (4.458 for the keyboard interface and 12.542 for the mouse interface)
suggesting that mental demand was the largest contributing factor to workload when undertaking spatially orientated tasks. An analysis of the mental demand scores between the 2 interfaces demonstrates there is a statistically significant difference between them (p = 0.031). This supports the propositions of other researchers (Golledge, 1993; Steyvers, 2009; Delogu et al., 2010 ) that spatial cognition is a demanding cognitive process and corresponds to the findings of other research (Stevens and Edwards, 1996; Stevens, 1996) .
Effort
Effort was ranked as the second highest factor in determining workload across both interfaces (mean scores of 4.083 for the keyboard interface and 11.167 for the mouse interface). A comparative statistical analysis of effort between the interfaces demonstrated that there was a significant difference between them (p = 0.028). This logically seems to indicate that the high mental demand required significant effort from the participant in order to undertake and successfully complete the tasks.
Frustration
Frustration was ranked as the third highest scoring factor determining workload for the mouse interface but only the fifth highest for the keyboard interface. (Mean scores of 0.792 for the keyboard interface and 10.542 for the mouse interface). While this difference is not statistically significant (p = 0.069) there is clearly a large difference in perceived frustration between the 2 interfaces.
Physical demand
Physical demand was ranked as the third highest scoring factor determining workload for the keyboard interface and the fourth highest for the mouse interface (mean scores of 2.583 for the keyboard interface and 4.250 for the mouse interface). While this difference is not statistically significant (p = 0.314) it may be argued although the tasks themselves are not strenuous a slightly greater physical demand was placed on unfamiliar users attempting to use the mouse.
Temporal demand
Temporal demand was ranked as the fourth highest scoring factor determining workload for the keyboard interface and the fifth highest for the mouse interface (mean scores of 1.542 for the keyboard interface and 3.667 for the mouse interface). This difference is not statistically significant (p = 0.283). The slight difference in scores may be attributable to the fact that a time limit was imposed on one of the tasks within the mouse interface sessions.
Participant experience questionnaire results
Reviewing the results from the first three questions relating to the interface design demonstrates that the keyboard interface was considered to be easier to use. Using the Wilcoxon signed rank test to analyse the results for each question demonstrated there was a significant level of difference between the results for each of these three questions (p = 0.005, p = 0.01 and p = 0.025 respectively). The keyboard interface would appear to be preferred in terms of ease of use, and quality of feedback. Questions 4 to 7 relate the interfaces ability to convey spatial relationships. In question 4 participants were asked if the data associated with the map tiles was appropriate in determining a sense of place, 8 participants agreed or agreed strongly in relation to the keyboard interface and 6 agreed or agreed strongly in relation to the mouse interface.
In question 5, seven participants agreed or agreed strongly that the keyboard interface helped to understand the relationship between map tiles compared with 6 participants who agreed or agreed strongly for the mouse interface. In question 6 all 8 participants agreed or agreed strongly that the keyboard interface helped to understand the position on the computer screen compared with 6 participants who agreed or agreed strongly for the mouse interface. Overall there was a positive indication that both interface designs supported the participants in navigation and visualisation of spatial relationships.
Question 7 asked if the interfaces where effective in helping to understand the relationship between places on the map. 7 participants agreed or agreed strongly with this question for the keyboard interface compared with only 3 for the mouse interface. While these results are in keeping with the TLI and performance scores it is perhaps surprising that the mouse interface is not perceived as providing a greater degree of granularity in determining the spatial relationship between locations. This may be due in some part to the increased workload that resulted from using the mouse interface.
Question 8 asked if the speech synthesis engine was clear and easily understood. 7 participants disagreed and 4 neither agreed nor disagreed suggesting that the speech engine is a possible weakness in both interface designs and may have been a contributing factor to the workload scores for each interface as participants struggled to understand the spoken feedback.
Question 9 asked if the use of non-speech sound was effective in using the interface, across both interfaces 9 responses agreed and 6 strongly agreed that the use of additional sounds was effective. This is a positive result and suggests that the use of non-speech sounds is effective and corresponds with the findings of other researchers (Delogu et al., 2010) .
Questions 10 to 13 related to data and metadata. Question 10 asked if the point of interest data was easily understood. All participants who answered this question agreed or agreed strongly suggesting that the classifications and descriptions used with the ordnance survey data are appropriate. Question 11 asked if an additional explanation of the points of interest classification would be useful. Again the majority of responses agreed with this question suggesting that while the Points of Interest data was easily understood additional explanation could be provided to aid comprehension. Questions 12 and 13 asked if the route information provided was appropriate and easily understood. Across both interfaces all those respondents who answered either agreed or agreed strongly with this question suggesting that a natural language route narrative, indicating key landmarks and presented in concise phrases was appropriate. Question 14 asked each participant to rate the interfaces for effectiveness on a scale of 1 to 10 (1 being poor and 10 excellent). The mean scores for the group show that the keyboard interface was rated more highly effective with a score of 8.875, compared to 5.625 for the mouse interface. A parametric T-test analysis of these scores shows that the difference between them is significant (p = 0.020). This is further supported by Question 15 which asked participants to select which interface, they found the most effective. All 8 participants selected the keyboard interface as the most effective.
Question 16 asked what changes or enhancements could be made to improve the interfaces. A range of response was solicited; most popular was the request for an improved voice synthesis engine and the ability to control the speed and pitch of the voice.
It is clear that the keyboard interface seems to be the preferred option in terms of effectiveness and ease of use.
Task completion and performance discussion
A number of issues arose which have limited the data available with which to assess performance. Firstly the amount of time to undertake the experimental sessions was too short and this is acknowledged as a weakness of the experimental design, tasks had to be prematurely stopped in order to try and complete all 10 tasks within the available time.
Task completion
In order to better understand and analyse the data and to ensure the results remain valid and reliable task completion has been segmented into four categories. Table 3 shows those categories and the number of tasks completed per category by interface.
Table 3
Overall task completion by interface
Keyboard interface Mouse interface
Tasks completed 58 21
Tasks completed with prompting 15 15
Tasks partially completed 4 23
Tasks not attempted 3 21
While its appears from these results that the keyboard interface is significantly more effective at enabling task completion this may be attributable to a lack of orientation and proficiency in using the mouse-based interface. The task completion scores are in keeping with the TLI and participant experience questionnaire results demonstrating that the keyboard interface with its lower levels of perceived workload is more effective at supporting task completion. It was anticipated that those participants that had previously possessed some sight would have higher task completion rates due enhanced spatial cognitive development. The task completion results do not confirm this however, of the 4 participants who previously had sight only participant number 2, who had lost her sight relatively recently, demonstrated markedly higher completion rates. This may suggest that cognitive spatial ability derived from sight may diminish over time once sight is lost, however this is only conjecture and further research in this area is required.
Conclusions
The results of the NASA TLI demonstrate that interface design can significantly influence workload which is a contributing factor to the usability of an interface. The workload differences between the 2 interfaces clearly indicate that, from a user perception point of view, the keyboard-based interface has a lower workload and is more usable. However there is also significant room for improvement in the design and implementation of the keyboard interface. On reflection it appears that the differences in workload between the interfaces may be attributable to several factors. None of the participants was a regular user of a mouse and indeed 5 of the participants had never used a mouse and lacked the experience and motor skills to use the mouse efficiently. Additionally the level of complexity associated with searching the map by using the mouse is greater than with the numeric keypad. The amount of feedback presented to participants whilst using the mouse interface was greater due to the search technique imposed by the interface design.
Although the keyboard interface is the more usable both interfaces appear be capable of providing users with an understanding of spatial relationships and this can be seen in the responses to questions 5, 6 and 7 in the participant experience questionnaire. This is to be expected as the level and structure of the data and the method of presentation between the two interfaces were very similar. It may be that a refinement of the mouse interface to provide a more managed flow of feedback allied to a greater period of training for participants may see a reduction in workload and an improvement in overall task performance.
In terms of effectiveness as assessed through overall performance it can be seen from the results that the keyboard interface is considerably more effective at enabling task completion. The participant's familiarity with the keyboard, the lower workload scores and the static frame of reference provided by the use of the numeric keypad in associating keys to map grid squares appears to have facilitated participants in searching and visualising the interface. While the auditory modalities, speech and non-speech seem to have impacted upon usability and task performance it is less clear whether the haptic feedback provided had any measurable effect on usability or performance, perhaps associated with a lack of familiarity with using a mouse.
